With dc magnetisation and polarized neutron reflectometry we studied the ferromagnetic response of YBa 2 Cu 3 O 7 /La 2/3 Ca 1/3 MnO 3 (YBCO/LCMO) multilayers that are grown with pulsed laser deposition. We found that whereas for certain growth conditions (denoted as A-type) the ferromagnetic moment of the LCMO layer is strongly dependent on the structural details of the YBCO layer on which it is deposited, for others (B-type) the ferromagnetism of LCMO is much more robust. Both kinds of multilayers are of similar structural quality, but electron energy-loss spectroscopy (EELS) studies with a scanning transmission electron microscope reveal an enhanced average Mn oxidation state of +3.5 for the A-type as opposed to the Btype samples for which it is close to the nominal value of +3.33. The related, additional hole doping of the A-type LCMO layers, which likely originates from La and/or Mn vacancies, can explain their fragile ferromagnetic order since it places them close to the boundary of the ferromagnetic order at which even weak perturbations can induce an antiferromagnetic or glassy state. On the other hand, we show that the B-type samples allow one to obtain YBCO/LCMO heterostructures with very thick YBCO layers and, yet, strongly ferromagnetic LCMO layers. II. Motivation and Introduction Multilayers based on combining superconducting and ferromagnetic materials are of considerable interest in terms of fundamental questions related to the competition between these antagonistic orders [1, 2], as well as for applications in spintronic quantum devices [3]. Recently, great progress has been made with multilayers made from conventional superconductors, like Nb or Al, and ferromagnets, like Fe, Co, or permalloy. For example, a spin-triplet SC state with Josephson-currents through micrometer-thick ferromagnetic barriers has been demonstrated [4, 5]. This raises hopes that devices based on spin-polarized supercurrents can soon be realized and integrated into a "superspintronic" technology [3]. A prerequisite for the realization of such spin-polarized superconducting/ferromagnetic quantum states is the design and precise control of the magnetic order, especially, around the interface [6]. The research on corresponding superconductor/ferromagnet multilayers from the oxidebased cuprate high T c superconductors and the perovskite manganites is comparably less advanced [7-11]. A major difficulty arises from the complexity of these oxide materials and their extremely versatile electronic and magnetic properties [12-14]. These manganites have indeed a very rich temperature and doping phase diagram with various electronic and magnetic phases that are controlled by competing interactions, like the double-exchange interaction which stabilizes a half-metallic, ferromagnetic state, and Jahn-Teller distortions which lead to insulating states with various magnetic and orbital orders [15, 16]. Even minor changes of the local structure and/or the chemical composition can lead to drastic changes of their electronic and magnetic properties. Thus, it is especially challenging to grow thin films with well-controlled properties. It is indeed well known that the ferromagnetic properties of cuprate/manganite multilayers can be strongly dependent on the choice of the substrate, the growth conditions or the layer thickness, just to name a few of the relevant factors. Probably, the most widely studied example are multilayers from YBa 2 Cu 3 O 7 (YBCO), which in the bulk is an optimally hole-doped superconductor with T c = 90 K, and La 2/3 Ca 1/3 MnO 3 (LCMO) or La 2/3 Sr 1/3 MnO 3 (LSMO) which are half-metallic ferromagnets with bulk values of the Curie temperature of T Curie = 270 K and 330 K, respectively, and a saturation magnetic moment of 3.7  B /Mn ion [17] [18] [19] [20] [21] [22] . It was found that a magnetic proximity effect occurs here at the YBCO/LCMO interface, which leads to a suppression of the ferromagnetic order on the manganite side that is commonly denoted as "dead layer" [23] [24] [25] . Concerning the strength of this suppression and the thickness of this "dead layer", the reports appear to be rather controversial. On the one hand, in superlattices made from YBCO and LCMO layers with small individual layer thicknesses of about 10 nm, it was shown that the "dead layer" can be as thin as a single or two LCMO unit cells. The suppression of the ferromagnetic moment is incomplete here and there is even a weak ferromagnetic moment induced on the YBCO side [26] [27] [28] [29] . The ferromagnetic moment averaged of the thin LCMO layers can exceed 3  B /Mn ion and the Curie-temperature can be as high as 220 -230 K [20, 30]. On the other hand, for multilayers with much thicker individual YBCO and LCMO or LSMO layers, a more pronounced "dead layer" with a complete suppression of superconductivity has been observed. Furthermore, it was reported that the thickness of the dead-layer can have a peculiar temperature dependence and increase anomalously below the superconducting transition of the YBCO layer [31] [32] [33] [34] .
III.

Growth and Experimental
Multilayers of YBa 2 The deposition was monitored with in-situ reflection high-energy electron diffraction (RHEED) using a collimated 30 kV electron gun at low incidence angle. The substrates were glued with silver paint on a stainless steel sample holder. This holder was heated from the backside with an infrared laser and the temperature was monitored and controlled with an internal pyrometer. Before the deposition, the substrates were heated at a rate of 20 ºC·min -1 to the deposition temperature and maintained at the growth pressure and temperature for a minimum of 60 minutes before the deposition was initiated. After deposition, the samples were cooled down at a rate of 10 ºC·min -1 . At 700ºC the oxygen pressure in the chamber was increased to 1 bar, and the cooling rate was increased to 30ºC·min -1 until the desired in-situ annealing temperature was reached. Two different sets of growth conditions have been used in this work, which are schematically listed on Table 1 .
In addition to the in-situ RHEED monitoring of the growth, the structure and composition of the samples were studied by means of x-ray diffraction (XRD), x-ray reflectivity (XRR), scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS). The XRD and XRR measurements were carried out with a commercial Rigaku Smartlab triple-axis diffractometer with a rotating-anode Cu-Kα source (λ = 1.54 Å). Both XRR and XRD were performed at room temperature. STEM -EELS measurements were carried out in a JEOL ARM200cF equipped with a spherical aberration corrector and a Gatan Quantum EEL spectrometer, operated at 200 kV. The specimens for STEM were prepared down the [110] orientation by conventional techniques, including mechanical grinding and Ar ion milling. 
Set A of growth conditions
Post growth
Pressure gradually increased at a constant flow of 200 sccm of O 2 while slowly cooling to 700 ºC.
Growth pressure maintained while slowly cooling to 700 ºC.
In-situ annealing 485 ºC for 1h. 485 ºC for 1h; then 400 ºC for 1h. Table 1 . Description of the two-different types of PLD growth parameters.
The magnetic properties of the samples were probed by dc magnetisation measurements using a vibrating sample magnetometer (VSM) and by polarised neutron reflectometry (PNR). The VSM data were acquired with a commercial physical properties measurement system by Quantum Design (QD-PPMS) equipped with a VSM motor and a pickup coil. The sample was fixed to a quartz rod and vibrated with a frequency of 40 Hz and peak amplitude of 2 mm. The magnetic field was applied parallel to the surface of the sample. by the asymmetry of the spin up and spin down curves and thus is less sensitive to the resolution function and probable shortcomings of the structural model. were both deposited with the A-type growth conditions (see Table 1 ). The only difference between these two bilayers concerns the stacking sequence of the YBCO and LCMO layers.
IV. Results and Discussion
IV.A. X-ray Diffraction (XRD) and Reflectometry (XRR) Study
The -2 scans in Figs. 1(a) and 1(b) reveal (0 0 l) Bragg peaks that are reasonably strong and narrow, and confirm the epitaxial and c-axis oriented growth of the layers. No traces of misoriented material or of impurity phases can be found. Figure 1 manganese ion, and can be used for a quantification [38] . The Mn L 2,3 ratio of the two samples, derived with a double derivative method [40] , is plotted in Fig [15, 16] . Since an excess oxygen concentration is typically not observed in these manganese perovskites, the most likely cause could be the presence of Mn and/or La vacancies [41] [42] [43] [44] [45] . Especially the Mn vacancies also give rise to disorder effects that can suppress the ferromagnetic order. can be extracted from these data; it is such that a manganite MnO 2 plane from the LCMO faces a BaO plane from YBCO, as is commonly observed in this system [28, 30, 46, 47] .
Yellow, green and orange points in the ADF images depict the positions of Ba, La and Mn atoms at the LCMO/YBCO interface. The interface itself is indicated by a yellow dashed line.
This type of interface termination has been found in both the A-and B-type samples, although in the former sample a different, LaO-CuO 2 termination has also been detected on occasion. This second type of termination has not been found for the B-type sample, but we cannot discard its existence due to the lack of statistics of the technique. 
Accordingly, the most important difference between the A-and B-type bilayers concerns
IV.C.3. DC Magnetisation of A-and B-type Y-20/LC-30 bilayers
IV.C.4 Polarized Neutron Reflectometry of A-and B-type Y-20/LC-30 bilayers
The magnetic depth profile of the same Y-20/LC-30 bilayers, for which the dc magnetisation is shown in Fig. 7 , has been investigated with polarized neutron reflectometry (PNR). well with the one deduced from dc magnetisation (see Fig. 7 ). Furthermore, this B-type bilayer has only a thin "dead layer" at the YBCO/LCMO interface of about 5.5 nm for which the magnetisation is reduced but not even fully suppressed. Table 2 . Parameters used to fit the polarized neutron reflectometry data of the A-type and B-type Y-20/LC-30 bilayers.
LSAT substrate
IV.C.5 Enhanced DC Magnetisation for multilayers with cation-substituted, tetragonal YBCO
To test the hypothesis that the orthorhombic distortions due to the long-range order of the The inset of Fig. 10(b) shows that the high field saturation value amounts to 0.95  B /Mn for Y-100/LC-10/Y-100 as compared to 1.75  B /Mn for tY-100/LC-10/Y-100.
IV.C.6 Superconducting spin-valve structures with very thin manganite layers and large, switchable magnetisation
Last but not least, we show in Fig. 11 the corresponding dc magnetisation data of a more complex multilayer structure with very thick superconducting layers and two very thin LCMO and LSMO ferromagnetic layers. The profile of the multilayer is tY-100/LS-5/Y-4/LC-10/Y-100 according to the formalism introduced at the beginning of Section III. This sample was made in an attempt to grow a superconducting spin-valve structure for which two thick superconducting (YBCO and tYBCO) electrode-layers are separated by two very thin ferromagnetic layers that have a strong magnetic response with different coercive fields, such that their magnetisation direction can be individually switched with an external magnetic field. Figure 11 confirms that we managed to obtain a strong ferromagnetic order within the LCMO and LSMO layers, even though they are very thin and grown on top of a 100 nm-thick tYBCO layer. Figure 11 (a) shows that the M-T curve of this multilayer has two ferromagnetic components, one that develops already above 300 K due to the LSMO layer with T Curie > 300 K, and an additional one that appears below T Curie  210 K and can be assigned to the LCMO layer. The M-H loop in Fig. 11(b) confirms that the LCMO and LSMO layers have different coercive fields of about 300 Oe and 40 Oe, respectively. Their magnetisation can indeed be independently switched, as is seen by the two step behaviour of the hysteresis loop that is most clearly seen in the derivative plot of dM/dH. This is a promising first step toward the growth of SC/FM multilayers from these complex oxides that can be used to study the spin-valve effect and related quantum spintronic phenomena.
V. Discussion and Summary
The results described above reveal that the ferromagnetic properties of a LCMO layer that is grown with pulsed laser deposition (PLD) on top of the cuprate high T c superconductor YBa 2 Cu 3 O 7 (YBCO) are very sensitive to the growth conditions and strongly dependent on the structural details of the YBCO layer.
We have shown that thin LCMO layers that are prepared with the A-type conditions (described in (which prefer a three-fold oxygen coordination). The data in Fig. 9 confirm that the ferromagnetic moment of an A-type tY-30/LC-15 bilayer is more than doubled as compared to an A-type Y-15/LC-15 bilayer with only half the YBCO layer thickness.
Moreover, we have shown that by using the modified B-type growth conditions (detailed in Table 1) [41, 15, 16] .
In summary, we have shown that the ferromagnetic order of LCMO layers that are grown 
